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Since we reported the synthesis of the first spinlabeled imidazolide of phosphorus, i.e., (1-oxyl-2,2,6,6-tetramethyl-4-piperidyl) diimidazole-1,1'-phosphinate (1), in 1973 [1] , we have extensively studied the synthetic potential of imidazolide 1 and related compounds. Imidazolide 1 was utilized for the preparation of spin-labeled phosphates 2 and phosphoroamidates 3 [2, 3] . In most cases, imida- 
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zolide 1 proved to be a better reagent for the preparation of phosphates 2, than the corresponding dichloridate. Inductive effects of electron releasing groups in the imidazole moiety of compound 1 were also studied [3] . It was found that the greater the number of alkyl substituents in the imidazole ring, the less effective was the corresponding phosphoryl diimidazolide as a transfer agent towards nucleophiles [2] , Subsequently, an improved spin-labeled phosphoryl imidazolide 4 (R 1 = H) was developed [4] , i.e., one which was less sensitive than compound 1 and which contained only one imidazole moiety. Compound 4 (R 1 = H) proved to be a versatile transfer agent which was used for reactions with hydroxy compounds, including phenol [5] , steroids [4] , diacetone-D-glucose [5] , and tocopherol [5] , and with amino compounds, including aniline [6] , aziridine [6] , and esterified amino acids [4] to give the corresponding phosphates 5 (R 1 = H) and phosphoroamidates 6 (R 1 = H), respectively, in 46-94 percent yields, under mild, neutral conditions, without the necessity of a condensing agent. The inductive effects of electron-releasing groups and electron-withdrawing groups in the imidazole ring were studied [7] . Alkyl groups, such as, methyl and ethyl, retarded the transphosphorylation reaction, whereas the electron-withdrawing nitro group markedly accelerated the reaction, thus, shortening the time necessary for the completion of the reaction from twenty hours to two hours at room temperature.
Now we wish to report a continuation of our investigation of inductive effects on the transphos-phorylation reaction of 4 containing the electron releasing and electron withdrawing groups, R 1 = CH3, Cl, NO2, in the benzene ring. It was found that the effect of substituents in the benzene ring of imidazolide 4 is much less pronounced than that of substituents in the imidazole moiety [7] (proximity effect). Thus, the introduction of a methyl group into the benzene ring of 4, R 1 = CH3, had no effect on its reaction with nucleophiles, unlike the introduction of the same group into the imidazole moiety [7] . The amidates 6 (R 1 = CH3) were difficult to obtain in crystalline form. The results of these reactions are listed in Table I . The identity of the amidates 6 (R 1 = CH3) and phosphate 5 (R 1 = CH3) was verified by the reaction of the corresponding chloridate 7 (R 1 = CH3) with the appropriate amines and cyclohexanol, respectively (Table II) . Table I . Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-methylphenyl imidazole-1-phosphonate (4, R 1 = CH3) with nucleophiles. 
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Introduction of the electron-withdrawing chloro group into the benzene nucleus (4, R 1 = Cl) likewise had no effect on the transphosphorylation reaction. Twenty hours were still required for the completion of the reaction. However, compounds 5 and 6 (R 1 = Cl) were much easier to obtain in crystalline form, as compared to the methyl (5 and 6, R 1 = CH3) and unsubstituted (5 and 6, R 1 = H) [3] [4] [5] 7] derivatives. Consequently, compound 4, Ri = Cl could be the reagent of choice in certain cases. The results of these experiments are listed in Table III . The identity of the phosphates 5 (R 1 = Cl) and amidates 6 (R 1 = Cl) was verified by the reaction of the chloridate 7 (R 1 = Cl) with the appropriate nucleophiles (Table IV) .
C6 H 6 Table III . Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-chlorophenyl imidazole-1-phosphonate (4, R 1 = Cl) with nucleophiles. 0' d Five-line spectrum, not fully resolved [14] .
The effect of a nitro group in the aromatic ring was striking. The imidazolide 4, R 1 = NO2, was found to be a rapid phosphorylating agent towards amines. Thus, complete reaction was achieved within four hours (Table V) . However, due to the labile nature of the p-nitrophenoxy moiety, certain difficulties were encountered. We were unable to obtain pui 6 (R 1 = NO2) by chiomatogiaphy on alumina (basic or neutral, activity 1 or 4, according to Biockmann) or florisil, since this procedure led to the elimination of the p-nitrophenoxy moiety from the product. Likewise, the reaction products could not be purified by conventional extraction procedures using aqueous alkali, e.g., sodium bicaibonate or sodium hydroxide to remove any phosphoric acid derivatives which may be present as by-products, due to the ease of hydrolysis of the p-nitrophenoxy group. Furthermore, as can be seen from Table V, the yield of phosphoroamidates 6, R 1 = NO2, from the transphosphorylation reaction of imidazolide 4, R 1 = NO2 was lower by 22-32 percent than that obtained using the corresponding chloridate 7, R 1 = NO2 (Table VI) . This result is surprising in view of the fact that in the past we have shown the imidazole method to be superior for the preparation of phosphoroamidates and, especially, phosphates [2] [3] [4] [5] [6] [7] .
We have now found that the reduction in yield of amidates 6, R 1 = NO2 is caused by a side reaction involving the elimination of the p-nitrophenoxy group, in the presence of both the imidazole and the unreacted nucleophile. In order to verify this phenomenon, we have prepared compound 6, R 1 = N02, R 3 = i-C3H7, by an independent route (see Table VI ) using the phosphorochloridate 7, R 1 = NO2, and investigated the elimination of the pnitrophenoxy group. No reaction was found to occur between the amidate 6, R 1 = NO2, R 3 = i-CaH? and either w-butylamine or imidazole alone. Virtually a quantitative amount of amidate 6 was recovered. However, the p-nitrophenoxy moiety was eliminated in the presence of a mixture of imidazole and w-butylamine. Thus, after four hours at ambient temperature, only 60 percent of the amidate 6, R 1 = NO2, R 3 = i-CsH? was recovered, and the elimination of the p-nitrophenoxyl group was clearly evidenced by the imparting of a bright yellow color to the originally red solution. The labile nature of the p-nitrophenoxyl moiety is well known. The group has been employed as a leaving group in phosphorylation of biological systems [8, 9] . Thus, serine esterases in synaptic membranes have been phosphorylated with various spin-labeled phosphates and phosphonates [8] , and the denaturation of a-chymotrypsin in the presence of urea was studied [9] . On the basis of our results, it is conceivable that phosphorylative reactions of biological systems might have proceeded with the assistance of the imidazole moiety of histidine which is present in these enzymes.
Experimental
Materials: All reagents were of the finest quality commercially available. The benzene used was distilled from and stored over sodium. The dioxan used in the transphosphorylations was dried over calcium chloride. The triethylamine was stored over sodium hydroxide. The aryl phosphorodichloridates were prepared by known methods [10, 11] . The imidazoles used in this work, and all preceeding work [1] [2] [3] [4] [5] [6] [7] , were geneously supplied by BASF Corporation of Parsippany, New Jersey, and Dr. Steimmig of BASF Aktiengesellschaft, Ludwigshafen am Rhein, Germany.
Analytical procedures: All melting points are uncorrected. Molecular weights were determined isopiestically on a Hitachi Perkin-Elmer Model 115 Molecular Weight apparatus. The ESR spectra were obtained on a Varian E-3 spectrometer using ~ IO -3 M benzene solution. Microanalyses were obtained on a F & M Scientific Corporation Carbon, Hydrogen, Nitrogen Analyzer, Model 185. Infrared analyses were performed on a Perkin-Elmer Infrared Spectrophotometer Model 137. Column chromatography was performed on basic aluminium oxide (20:1 w/w) (activity 4, according to Brockmann). The concentrated crude reaction mixture was dissolved in a minimal amount of chloroform, then eluted from the column with chloroform. The products were isolated after removal of the solvent at 20-25 °C/12-15 torr. Crystallization of the products was achieved by trituration of the oil with a small amount of pentane, followed by storage at -10 °C.
Preparation of (l-Oxyl-2,2,6,6-tetramethyl-4-piperidyl)
Aryl Phosphorochloridates (7, Ri = CH3, Cl, NO*)
General procedure: A solution of 4-hydroxy-2,2,6,6-tetramethylpiperidine-1 -oxyl [12, 13] (0.86g, 5 mmol) and triethylamine (0.52 g, 5 mmol) in benzene (20 ml) was added dropwise at 8-10 °C to a solution of the aryl phosphorodichloridate (5 mmol) in benzene (25 ml). After addition, the reaction mixture was stirred at 8-10 °C for 1 h, at 20-25 °C for 18 h, and filtered. The filtrate was concentrated on a rotating evaporator at 25 °C/12-15 torr to the chloridates 7 (R* = CH3, Cl, N02) listed in Table VII . Due to the high yield and good purity of chloridates 7, the compounds were not isolated in subsequent reactions. The filtrate containing compounds 7 was used directly in further reactions.
Preparation of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl)
aryl imidazole-1-phosphonates
General procedure: To a mixture of imidazole (0.34 g, 5 mmol) and triethylamine (0.52 g, 5 mmol) in benzene (50 ml) was added dropwise at 8-10 °C the filtrate containing the chloridate 7 (R 1 = CH3, Cl, N02; 5 mmol). Following the addition, the reaction mixture was stirred at 8-10 °C for 1 h, at 20-25 °C for 20 h, and filtered. The filtrate was concentrated on a rotating evaporator at 25 °C/ 12-15 torr to give the imidazolides 4 (R 1 = CH3, Cl, N02) listed in Table VIII . 5 mmol) and the appropriate nucleophile (5 mmol) in dioxan (20 ml) was stirred at 20-25 °C for 20 h. The reaction mixture was then concentrated on a rotating evaporator at 25 °C/12-15 torr to give the crude products which were purified by column chromatography. The results of reactions with the methyl derivative (4, R 1 = CH3) are listed in Table I , and the results of the reactions with the chloro derivative (4, R 1 = Cl) are listed in Table III .
Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-nitrophenyl imidazole-1-phosphonate (4, R l -NO2) with amines
General procedure: A solution of 4 (R 1 = N02; 5 mmol) and the amine (5 mmol) in dioxan (20 ml) was stirred at 20-25 °C for 4 h. The reaction mixture was then concentrated on a rotating evaporator at 25 °C/12-15 torr to give the crude product. Diethyl ether (50 ml) was added. The ethereal mixture was then washed with an aqueous 10% HCl solution (4 X 25 ml), followed by distilled water (4 x 15 ml), and dried (MgSC>4). The drying agent was removed by filtration. The filtrate was concentrated on a rotating evaporator at 25 °C/10-15 torr to give the amidates 6 (R 1 = NOs) listed in Table V .
Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-methyl and p-chlorophenyl phosphorochloridates (7, R 1 = CHz, Cl) with nucleophiles General procedure: To a solution of the nucleophile (5 mmol) and triethylamine (0.52 g, 5 mmol) in benzene (25 ml) was slowly added at 8-10 °C the filtrate containing the chloridate 7 (R 1 = CH3, Cl; 5 mmol) obtained in the first experiment of this series. Following the addition, the reaction mixture was stirred at 20-25 °C for 20 h, then filtered. The filtrate was concentrated on a rotating evaporator at 20-25 °C/12-15 torr to give the crude product which was purified by column chromatography.
The results of the reactions with the methyl derivative are listed in Table II , and the results of the reactions with the chloro derivatives are listed in Table IV . All products gave peak-by-peak overlap of the infrared spectra with the IR spectra of products obtained from the transposphorylation reactions of imidazolides 4, R 1 = CH3, Cl.
Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-nitrophenyl phosphorochloridate (7, R 1 = NO%) with amines
General procedure: To a solution of the amine (5 mmol) and triethylamine (0.52 g, 5 mmol) in benzene (25 ml) was added slowly at 8-10 °C the filtrate containing the chloridate 7 (R 1 -N02; 5 mmol) obtained in the first experiment of this series. Following the addition, the reaction mixture was stirred at 20-25 °C for 20 h, then filtered. The triethylamine hydrochloride was washed with benzene until the solid was colorless. The filtrate was concentrated on a rotating evaporator at 20-25 °C/12-15 torr to give the amidates 6 (R 1 = N02) listed in Table VI. All products gave peak-by-peak overlap of the infrared spectra with the IR spectra of products obtained from the transphosphorylation reactions of imidazolide 4, R! = N02.
Reaction of (l-oxyl-2,2,6,6-tetramethyl-4-piperidyl) p-nitrophenyl N-i-propyl phosphoroamidate (6, R 1 = NO2, R 3 -i-CzHi) with imidazole or n-butylamine A solution of 6 (R 1 = N02, R3 = i-C3H7; 2.07 g, 5 mmol) and either imidazole or w-butylamine (5 mmol) in dioxan (30 ml) was stirred for 20 h at ambient temperature. The solvent was removed on a rotating evaporator at 20-30 °C/10-15 torr.
